We previously demonstrated in rabbits that various neutrophil chemotactic factors share an ability t o induce recruitment of polymorphonuclear leukocytes (PMN] from bone marrow when administered intravenously (Jagels and Hugli, J /mmuno/148:1119, 19921. In the study reported here, we investigated the effects of chemotactic factors on the expression of & integrins and L-selectin in vivo and the roles of these adhesion molecules in the recruitment process. Leukocytosis was induced by infusion of either C5a (5 pg/kg), N-formyl-methionyl-leucyl-phenylalanine (f-MLP; 2.5 pg/kg), or tumor necrosis factor a (TNF-a; 100 ng/kg). C5a increased the expression of CD18 (the common subunit of 8, integrins) on PMN by nearly twofold and decreased levels of L-selectin by 50% within 15 minutes after administration. Levels of p, integrins returned t o baseline 2 t o 3 hours after induction of leukocytosis. L-selectin remained depressed for more than 5 hours, demonstrating that shedding was induced in the recruited bone marrow leukocytes as well as in circulating PMN. In contrast to the response t o C5a. TNF-a did not cause upregulation of CD18 or shedding of L-selectin. Levels of Lselectin were consistently increased 60 minutes after admin-
istration of TNF-(U, coinciding with a rapid rise in the number of band-form PMN in the circulation. Intact IgG and F(ab), forms of the anti-CD18 monoclonal antibody 184 or the anti-L-selectin antibody DREG-200 were administered intravenously 15 minutes before induction of leukocytosis by the chemotactic factors. Neither IB4 nor its F(ab1, fragments blocked leukocytosis induced by C5a. f-MLP, or TNF-(U. DREG-200 also did not block leukocytosis induced by f-MLP, C5a, or TNF-a. These results suggest that leukocyte emigration from the bone marrow into the circulation proceeds through interactions distinct from those involved in neutrophil chemotaxis and diapedesis. Shedding of L-selectin from C5a-recruited bone marrow leukocytes demonstrates activation of these cells in the recruitment process and may reflect a potential mechanism for their release. The dissimilar effects of C5a and TNF-a on expression of adhesion molecules may result from distinct stimulatory pathways and suggests differential activation states for cellular recruitment by these inflammatory factors. 0 1995 by The American Society of Hematology.
Of these, only TNF-a, TNF-P, G-CSF, and GM-CSF appear to act directly as bone marrow-releasing factors. Leukocytosis induced by the other mediators either proceeds indirectly or does not involve release of bone marrow leukocyte reserves.
In previous studies, we demonstrated that neutrophilia could also be induced by the established neutrophil chemoattractants C5a, IL-8, N-formyl-methionyl-leucyl-phenylalanine (f-MLP), leukotriene B4 (LTB4), and platelet-activating factor (PAF).14 Release of bone marrow neutrophils into the circulation was primarily responsible for this leukocytosis. In agreement with our findings, other investigators have demonstrated that neither C5a nor IL-8 induces significant neutrophil demarginati~n.'~.'' Leukocytosis appeared to occur in direct response to the chemotactic factors, as inhibitors of arachidonic acid metabolism or protein synthesis were ineffective in suppressing the response. These studies suggested a functional link between neutrophil chemotaxis and egress of bone marrow leukocytes.
Leukocytosis-inducing cytokines (eg, TNFs, G-CSF, and GM-CSF) generate unique profiles of the cellular responses and act through different signal transduction pathways than do chemotactic factors. Chemotactic factors induce a rapid and nearly complete neutropenia immediately preceding leukocytosis. This neutropenia appears to result from transient cell stiffening, leading to trapping in the microva~culature.'~ This neutropenic phase is slower and less pronounced in response to TNF-a and may be completely absent in the lymphotoxin-induced Chemoattractants activate polymorphonuclear leukocytes (PMN) via pertussis-sensitive G proteins, resulting in activation of phospholipase C, calcium influx, and activation of protein kinase C.'"2o Signal transduction for TNF-a appears to be pertussis toxin-insensitive and does not involve calcium i n f l u~.~' -*~ Chemoattractants induce a full range of neutrophil activation events, For personal use only. on April 15, 2017. by guest www.bloodjournal.org From including polarization, chemotaxis, oxygen free-radical production, and d e g r a n u l a t i~n . '~~~~-~~ TNF-a induces degranulation only in the presence of secondary stimuli and appears not to be a primary chemotactic factor.26-28 These differences suggest that leukocytosis induced by cytokines or chemoattractants may proceed through distinctly independent pathways.
Previous studies characterizing leukocytosis-inducing factors have been largely descriptive and have not addressed the biochemical or molecular interactions involved in leukocyte mobilization. Neutrophil adhesion molecules, particularly p2 integrins and L-selectin, are candidates for playing a primary role in this process. Neutrophil migration to inflammatory sites has been shown to depend on these two classes of adhesion molecules and on their complementary cell surfacebinding proteins (ie, counterreceptors) on the endothelium.
Blocking antibodies to L-selectin, p2 integrins, or intracellular adhesion molecules (ICAMs) 1 and 2 (the endothelial counterreceptors for p2 integrins) strongly inhibit leukocyte accumulation in several models of Studies using intravital microscopy have demonstrated that L-selectin mediates leukocyte rolling along the vascular wall.33 It has been proposed that initial reversible adhesion events preceding extravasation are mediated by L-selectin and that firm attachment and diapedesis proceed primarily through the p2 integrins and their endothelial counterreceptor, ICAM-1. This model is consistent with the observation that Lselectin is rapidly shed from the surface of PMN on activation, while levels of p2 integrin on the cell surface are rapidly increa~ed.'"'~ The monoclonal antibodies (MoAbs) IB4 (specific for the CD18 subunit of pz integrins), RR1/1 (anti-ICAM-l), and DREG-200 (directed against L-selectin) bind to their respective antigens and effectively block adherencemediated events in the rabbit.3s-4' These antibodies were, therefore, selected to study the roles of p2 integrins and Lselectin in promoting leukocytosis induced by either chemoattractants (C5a, f-MLP) or the cytokine TNF-a.
MATERIALS AND METHODS

Reagents.
Purified porcine C5a, , . , arg (hereafter referred to as C5a) was prepared according to previously published method^.^'.^^ Purity was confirmed by amino acid analysis and cellulose acetate electrophoresis at pH 8.7. The des arg form of C5a was studied as serum carboxypeptidase converts intact C5a to CS%,, rvg within seconds. Therefore, the physiologically relevant form of the molecule that circulates is C5a des arg. Porcine C5a appears to be fully active in the rabbit and induces an identical profile of leukocyte changes to activated rabbit serum. The f " L P was purchased from Sigma Chemical CO (St Louis, MO). Recombinant mouse TNF-(Y was obtained from Boehringer Mannheim, Indianapolis, IN, and had a minimal specific activity of 6.0 x IO4 U/pg. IB4, a mouse IgG2, MoAb against the CD18 molecule, and DREG-200, a mouse IgG, MoAb directed against L-selectin, have been previously des~ribed.'~.~~ RRl/I was a gift of Dr Robert Rothlein (Boehringer Ingelheim, Bridgefield, CT). F(ab)* fragments of these antibodies were produced by digestion with 1:30 wt/wt pepsin (Worthington Enzymes, Freehold, NJ) for 8 hours in sodium acetate buffer at pH 3.8. The F(ab), fragments were purified after dialysis against phosphate-buffered saline (PBS) at pH 7.4, using a protein A Sephadex column to remove Fc fragments. All reagents used in vivo were screened for endotoxin contamination using a quantitative chromogenic limulus amebocyte lysate assay (Whittaker Bioproducts, Walkersville, MD). C5a, TNF-a, and f-MLP all contained less than 1 pg endotoxin per microgram of protein. The antibodies and their F(ab)2 fragments contained less than 50 pg endotoxin per microgram of protein.
Leukocytosis assay. Male New Zealand rabbits weighing between 2.5 and 3 kg were used for these experiments. The rabbits were kept in a standard restraining cage for the duration of the experimental procedure. For serial bleeding, a 24-gauge catheter was placed in the central artery of one ear at a site anesthetized with a subcutaneous injection of lidocaine. The catheter was connected through a three-way stopcock to a syringe containing heparinized saline (4 U/mL). After each blood sample was drawn, the catheter was flushed with an equal volume of the heparinized saline. Arterial blood (0.3 mL) was collected at the indicated times in syringes containing 15 p L of 5% EDTA to prevent coagulation. CSa, f-MLP, and TNF-a were diluted in 2 mL saline and infused through the marginal vein of the contralateral ear over a 2-minute period. In preliminary experiments, leukocytotic factors were titrated to determine dosages that would result in comparable levels of neutrophilia.
Leukocyte counts. Total leukocyte counts were made with a Sysmex F-300 hematology analyzer (TOA Medical Electronics, Kobe, Japan). Numbers of leukocyte subtypes were determihed through manual differential counts (200 cells) from blood smears stained with Wright-Giemsa stain (Camco Quick Stain, Cambridge Diagnostic Products, Ft Lauderdale, E). Nonsegmented neutrophils (bands)
were defined as any neutrophil in which nuclear lobes were not clearly separated. Results are expressed as the change (increase or decrease) in absolute numbers of each cell type from baseline, as determined by three bleeds taken at 5-minute intervals before administration of the test substance.
Flow cyrurnerry. The modulation of surface L-selectin and CD1 8 in PMN was analyzed through flow cytometry, using fluorescein isothiocyanate (FITC)-labeled MoAb DREG-200 and IB4, respectively. Whole blood collected at defined time points was kept on ice through the analysis. Samples were incubated with a saturating concentration of antibody (5 pg/mL) for 40 minutes to allow antibody binding. Erythrocytes were lysed by adding an equal volume of a 10 pg/mL saponin solution in PBS followed by incubation for 30 seconds on ice. In some experiments, erythrocytes were lysed by hypoosmotic shock for 30 seconds followed by reestablishment of normal osmolarity. FTTC MoAb binding to PMN was determined on a FACScan flow cytometer (Becton Dickinson, San Jose, CA) after gating for PMN by characteristic forward and right angle light scatter.
Statistics. Maximal neutrophil responses in antibody-treated groups were compared with control leukocytosis values by one-way analysis of variance (ANOVA) and Dunnett multiple comparison tests of significance. P values less than .OS were considered to be significant. Rabbits given 100 ngkg TNF-a initially developed moderate leukopenia, resulting from decreases in both PMN and mononuclear cells (lymphocytes and monocytes). Neutrophil numbers were reduced by approximately 50% at 15 to 30 minutes after administration. Between 30 and 60 minutes after administration, neutrophil counts increased rapidly and reached maximal levels approximately fourfold higher than baseline values within 4 hours after administration. As was observed with C5a and f-MLP, leukocytosis was accompanied by a disproportionate increase in the number of bands in the circulation. TNF-a also induced significant prolonged lymphopenia. Circulating lymphocyte numbers reached a nadir of 57% of baseline values 4 hours after administration of TNF-a. This response is similar to that which has previously been reported in studies performed in rats."." Effects of TNF-a, C.5~7, and f-MLP on expression of adhesion molecules. Flow cytometry was used to monitor expression of L-selectin and CD18 on PMN after administration of f-MLP (2.5 pgkg), C5a ( 5 pg/kg), or TNF-a ( 1 0 0 to 400 ngkg). Analysis was performed on whole blood samples to avoid the activating effects of leukocyte purification. Levels of L-selectin and p2 integrins were monitored throughout the 5-hour period after administration of these stimuli. As shown in Fig 4A, C5a induced an 80% increase in expression of CD18 within 15 minutes after injection.
RESULTS
CSa
A coincidental drop in L-selectin expression was observed, resulting in a 50% decrease in DREG-200 binding.
integrins returned to pretreatment levels over the next 2 hours. L-selectin remained depressed for the entire 5-hour study period, even as bone marrow PMN entered the circulation. These data suggest that L-selectin is not reexpressed after shedding and that shedding occurs from the leukocytes recruited from the bone marrow as well as from cells in the circulation. Increases in CD1 8 were not refractory to subsequent stimulation with C5a. When cells collected 3 hours after in vivo administration of C5a were restimulated in vitro with 10 nmol/L C5a, CD1 8 upregulation uas comparable with that induced in naive cells (data not shown). The effects of C5a were not due to endotoxin contamination. Either boiling C5a for 15 minutes or digestion with trypsin destroyed both the leukokinetic effects of C5a and its effects of p2 integrins and L-selectin (data not shown).
At 100 ngkg, TNF-a did not induce significant upregulation of CD1 8 or shedding of L-selectin. A moderate increase in L-selectin expression was consistently observed between 30 and 60 minutes after administration of TNF-a, coinciding with the greatest rate of bone marrow leukocyte release ( Fig  4B) . Equal or greater increases in L-selectin were evident when TNF-a was administered to two rabbits at a dose of 400 ngkg, while integrin levels appeared slightly decreased. This suggested that L-selectin expression is higher on bone marrow leukocytes than in more mature peripheral neutrophils.
At 2.5 pgkg-the dose used to induce leukocytosis-f- MLP did not significantly alter levels of either class of adhesion molecules, although the trend was toward a decrease in L-selectin expression and increases in p2 integrin expression.
When the dose of f-MLP was increased to 5 pg/kg, the response closely resembled that of C5a (mean maximal increase in CD18, 54%; mean decrease in L-selectin, 30%).
Role of p2 inregrins in leukocyte recruitment from hone marrow. To determine if leukocyte emigration from bone marrow was dependent on adhesive interactions mediated through p2 integrins, rabbits were pretreated with IB4 (2 mg/ kg) 20 minutes before stimulation of leukocytosis with f-MLP, CSa, or TNF-a. This dose of IB4 has previously been found to saturate CD18 in vivo under normal conditions:" Preliminary studies were performed to determine the effect of IB4 alone on circulating leukocyte numbers. IB4 induced characteristic changes in both mononuclear leukocyte and PMN levels (Fig 5, solid triangles) . Circulating PMN were decreased by an average of 0.5 X 10" cells per milliliter within 30 minutes after administration of IB4. Granulocyte counts then gradually returned to baseline over the subsequent 8 hours. Lymphocyte numbers gradually increased over the first 8 hours after IB4 administration, exceeding baseline values by 80%. Preadministration of IB4 partially suppressed the increase in circulating PMN after administration of f-MLP (Fig 1 A,  triangles; and Table 1) . Total neutrophil numbers increased by an average of 2.9 X 10" cells per milliliter over baseline values, compared with 4.2 X IO" cells per milliliter in untreated. f-MLP-stimulated animals. This suppression did not reach statistical significance. In contrast, increases in circulating bands were actually 43% greater in IBCtreated rabbits than in animals stimulated with f-MLP alone (Fig IB) . Increases in circulating lymphocytes ( Fig 1C) were comparable with those observed in rabbits treated with IB4 alone.
IB4 modestly inhibited the leukocytosis response to C5a and TNF-a in a similar fashion (Figs 2 and 3 ). C5a increased total circulating neutrophil numbers from 1.5 X IO"/mL to an average maximum of 5.6 X I06/mL in control animals. IB4 reduced this response to a mean maximal increase of 3.6 X IO"/mL. representing 15% suppression. The kinetics of neutrophilia were essentially the same in the two groups.
Again, IB4 significantly increased the proportion of bands in response to C5a (Fig 2B and Table l ). IB4 depressed maximal leukocyte increases in response to TNF-a by approximately 30% with no change in the profile of the response. Treatment with IB4 also completely reversed the lymphopenia induced by TNF-a (Fig 3C) . It is unclear if this resulted from inhibition of TNF-a-induced lymphopenia or represented a compensation due to the previously noted lymphocytotic effects of IB4.
Partial suppression of leukocytosis by IB4 can be accounted for in part by its neutropenic effects (Fig SA) . Because of the neutropenic effect from intact IB4 in control animals, and the inconsistency between suppression of total circulating PMN versus band-form PMN in the study groups. we examined the possibility that intact antibody was exerting an apparent
For inhibition of leukocytosis through an Fc-dependent clearance in circulating PMN were observed after administration, as mechanism, rather than actual suppression of bone marrow might be predicted of an antibody that inhibits neutrophil excell mobilization. Two approaches were taken to further investravasation. Lymphocytes were elevated to levels comparable tigate this possibility. First, F(&)? fragments of IB4 were prewith those induced by the intact antibody. IB4 F(&)? fragments pared to eliminate potential Fc effects of the antibody. IB4
did not significantly suppress neutrophilia elicited by f-MLP F(&)? fragments (2 mgkg) were found not to induce neutro- (Fig I and Table 1 ). Total PMN and bands were both elevated penia in rabbits (Fig SA, squares) . Instead, modest increases to levels close to or exceeding those induced by f-MLP in For personal use only. on April 15, 2017. by guest www.bloodjournal.org otherwise untreated rabbits. Leukocytosis was less prolonged in IB4 F(&)? fragment-treated rabbits, which may suggest that an Fc-independent clearance mechanism occurs. Failure to suppress bone marrow leukocyte recruitment by F(&), frag- integrin-ICAM interactions are not required for leukocyte release from bone marrow. the effects of the anti-ICAM antibody RRI/I were studied. This antibody has been shown to bind ICAM-I, the counterreceptor for p, integrins, and to inhibit leukocyte-dependent inflammation in the rabbit." RRI/I (2 mg/kg) was administered at IS minutes before induction of leukocytosis with CSa. RRI/I pretreatment affected neither the total number of circulating neutrophils in response to CSa nor the increase in bandform cells (Fig 2. squares) . These findings further support the conclusion that the suppressive effects of IB4 on total neutroDhi1 numbers resulted from a direct effect on the (Fig 5 , diamonds) . This neutropenia was accompanied by modest decreases in circulating lymphocytes as well. Leukocyte numbers returned to normal by 24 hours after the bolus injection of DREG-200.
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The effect of DREG-200 on the leukocytosis response was studied by bolus administration of the antibody ( I mg/ kg) followed by infusion of 5 & k g for 30 minutes. C5a, f-MLP, or TNF-a was administered 15 minutes after the bolus injection of DREG-200. The results are shown in Figs 1  through 3 (diamonds) . The responses to f-MLP and C5a were largely unaffected by the anti-L-selectin MoAb. Maximal neutrophil responses to C5a in control and DREG-200-treated rabbits were 368% and 346% of baseline, respectively. Peak responses to f-MLP were decreased by 13% by treatment with the anti-L-selectin antibody. Increases in bands were unaffected. DREG-200 altered the magnitude of the TNF-a response to a greater degree. Peak neutrophil responses were decreased from 3.9 X I06/mL to 2.5 X IOh/ mL and did not occur until 5 to 6 hours after administration of TNF-a. In contrast, the appearance of bands in the circulation was unaffected by treatment with DREG-200, again suggesting that the suppressive effects of the antibody result from removal of cells in the circulation, rather than from release from the bone marrow. These results suggest that interactions through L-selectin are not required for mobilization of bone marrow leukocyte stores.
DISCUSSION
Induction of bone marrow neutrophil mobilization in response to infection or inflammation is a complex and multifactorial cellular process. The numerous mediators capable of eliciting recruitment demonstrates considerable redundancy in the signaling process. One property common to all leukocytotic factors is an ability to directly activate neutrophils. Shedding of L-selectin and upregulation of p2 integrins during activation of PMN in vitro has been demonstrated in numerous studies and are considered to be a sensitive measure of leukocyte a~tivation.~~.~' These changes in neutrophil adhesion molecules can be induced in vitro by numerous neutrophil activators, including C5a, f-MLP, TNF-a, GM-CSF, and IL-8. We observed that in vivo administration of C5a led to the expected upregulation of CD I 8 and shedding of L-selectin, while TNF-a led to a paradoxical increase in L-selectin and modest decreases in CD18 expression. The in vivo changes in p2 integrins and L-selectin in response to C5a are supported by previous studies. Shedding of Lselectin and upregulation o€ O2 integrins have ais0 been observed in response to infection or experimentally induced inflammati~n.~~.~' Similar changes have been reported in patients undergoing hemodialysis, presumably due to the well-documented complement-activating effects of this pro~edure.4~ In separate human trials, Socinski et a146 and Devereux et demonstrated upregulation of CD1 l b in vivo after administration of GM-CSF. The apparent lack of effect of TNF-a in vivo is difficult to explain. Griffin et a148 reported nearly complete loss of L-selectin but virtually no change in expression of CD1 l b on neutrophils when they were stimulated with TNF-a in vitro. Kishimoto et al" also demonstrated downregulation of MEL-I4 on murine PMN in response to TNF-a. Partially purified cell preparations were used in each of these studies. We have found that 300 pmol/ L recombinant mouse TNF-a and 30 nmoVL C5a induce comparable levels of L-selectin-shedding and upregulation of CD18 in both whole blood assays and in isolated cell preparations (M.A.J., unpublished data, September 1993). One potential explanation is that, due to a wider distribution of TNF-a receptors in vivo (eg, on endothelial cells), this cytokine is more quickly sequestered than other factor cytokines, preventing its interaction with receptors on PMN.
In these studies, we observed C5a-induced shedding of L-selectin on all circulating neutrophils. This loss did not diminish as bone marrow PMN entered the circulation, demonstrating that shedding was induced on cells recruited from bone marrow as well as on previously circulating cells. These results also suggested that activation, and possibly an alteration in adhesive interactions, were requisites for bone marrow leukocyte release. The finding that TNF-a induced mobilization of bone marrow cells without significant increases in p2 integrins or loss of L-selectin, on the other hand, demonstrates that changes in adhesion molecule expression are not required for recruitment of bone marrow PMN in response to this mediator. In addition, it suggests that neutrophil activation is also not a requisite for release. Even at four times the dose used to induce leukocytosis, TNF-a did not cause shedding of L-selectin or upregulation of p-mte-.
grins.
These data indicate that C5a and TNF-a may induce leukocyte mobilization through distinct pathways. For example, while C5a may cause bone marrow mobilization through its action on the recruited cells, TNF-a may act indirectly through its effects on endothelial cells or other cells in the bone marrow. As an alternative hypothesis, the cellular responses involved in leukocyte mobilization and modulation of adhesion molecules may be controlled through different intracellular signaling pathways. C5a and TNF-a may trigger different activation pathways in a relatively selective manner. For example, whereas C5a may induce leukocytosis and shedding of L-selectin with equivalent potency, TNF-a may have a significantly higher potency for inducing leukocytosis than for modulation of adhesion molecules. There is support for such a mechanism. Similar examples of this behavior are LTB4 and C5a: whereas these factors are approximately equipotent for induction of chemotaxis, C5a is at least 10 times more effective in eliciting enzyme release." The ability of TNF-a to induce degranulation but not chemotaxis of neutrophils is perhaps a more germane example of selective activation of neutrophil function?'-'* Clearly, a better understanding of the cellular processes of leukocyte mobilization is necessary to differentiate these hypotheses.
The significant changes in L-selectin and p2 integrin levels induced by C5a led us to speculate that they play important roles in leukocyte recruitment. As Vedder and Harlan" demonstrated that increased expression of o* integrins was not required for enhanced adhesion of neutrophils to endothelial For personal use only. on April 15, 2017. by guest www.bloodjournal.org From cells, we reasoned that these adhesion molecules may also be involved in leukocyte mobilization induced by TNF-a. Therefore, we studied the effects of blocking antibodies to either L-selectin or the CD18 subunit of p2 integrins on the leukocytosis response induced by chemoattractants (C5a, f-MLP) and TNF-a. The effects of these antibodies are summarized in Table 1 . At levels previously shown to completely inhibit neutrophil adhesion processes, these antibodies did not suppress the release of PMN from bone marrow in response to any of these mediators. This finding supports our previous conclusion that changes in expression of these molecules are not involved in the recruitment process. These data are consistent with observations made in patients with leukocyte adhesion deficiency (LAD), whose p2 integrins are either partially or completely absent. Numbers of circulating PMN are normal in these individuals and apparently are modulated by inflammatory stimuli, but these cells express defective chemotactic and phagocytic responses.".52
In our studies, intact anti-CD18 MoAb (IB4) depressed levels of circulating neutrophils in response to C5a or f-MLP, but experiments using F(ab), fragments of this antibody suggested this effect was primarily due to Fc-mediated clearance of these cells and not true suppression of mobilization. Similarly, anti-L-selectin treatment caused only slight decreases in neutrophil numbers in response to C5a, TNFa, and f-MLP. The greater suppressive effect of DREG-200 on the TNF-a-induced response may be attributable to the higher level of expression of L-selectin on these cells. The gradual loss of this molecule, along with clearance of the antibody, may account for the delayed appearance of these cells in the circulation. DREG-200 is an IgGl subtype and, therefore, fixes complement poorly. However, it may act to sequester cells in the spleen, liver, or lymph nodes. Nevertheless, these results demonstrate that interactions involving p2 integrins and L-selectin are not required for PMN to cross from the abluminal to the luminal side of the bone marrow sinus endothelium. This does not rule out the possibility that they play a role in the retention of PMN in the bone marrow. In these studies, neither anti-L-selectin nor anti$, integrin antibodies alone induced bone marrow release. However, while MoAb against adhesion molecules are effective in preventing adhesion, they are much less effective in reversing adhesive processes. In an isolated rat femur model, antibodies directed against CD-l8 were reported to induce massive leukocyte release.53 In such a model, the antibody may be presented at a sufficient concentration and duration to reverse an adhesive process. Under physiologic conditions, additional signals beyond a reversal of adhesion may be required for release of PMN into the circulation.
Increased numbers of leukocytes in the free circulation may arise either from bone marrow release or from what has been referred to as demargination. The failure of either anti-CD18 or anti-L-selectin antibodies alone to increase circulating leukocyte levels emphasizes the point that the marginated pool of leukocytes is not, in fact, represented by rolling cells or cells transiently associated with the margins of the blood vessels. Other studies using these and similar antibodies have also demonstrated that circulating leukocyte numbers are not elevated under conditions where rolling is completely inhibited.54 Rather, the intravascular pool of leukocytes that is revealed on stimulation with epinephrine is most likely comprised of cells transiently trapped or slowed in the microvasculature. The failure of either C5a or IL-8 to induce significant demarginationI5*l6 is consistent with a hypothesis that hemodynamic alterations are more important factors in the release of this pool than are cellular alterations. Cells participating in extramedullary hematopoiesis could also potentially contribute to the rise in circulating bands and mature neutrophils in the rabbit. Production and differentiation of neutrophils in the liver and spleen is well documented in rodents, although it is less clearly defined in rabbits. However, an increase in circulating PMN of 4 X 106/mL represents a total mobilization of nearly 1 X lo9 cells in a 3-kg rabbit, a number that could only be achieved through significant release of bone marrow stores.
The observation that TNF-a led to increased expression of L-selectin and decreased expression of CD18 on PMN in the circulation suggests that the level of L-selectin on bone marrow leukocytes is greater than on circulating PMN. This is supported in part by previous studies of bone marrow adhesion molecule expression. Jutila et ai3' measured significantly higher levels of Mac-1 on mouse blood neutrophils than on bone marrow cells, although L-selectin distribution was essentially the same. In human studies, it has been reported that L-selectin is shed as cells cross the bone marrowblood barrier, resulting in higher expression of L-selectin in the bone marrow than in the blood.55
The differential effects of C5a and TNF-a on p2 integrins and L-selectin in vivo suggested that the cells recruited by these two mediators may differ in their responsiveness to subsequent stimuli. Because TNF-a recruited cells without significantly altering adhesion molecule expression, these cells presumably are fully responsive and participate normally in an inflammatory response. The loss of L-selectin from cells recruited by C5a, on the other hand, presumably inhibits their ability to migrate to an inflammatory site.
It is believed that L-selectin is required for initial adhesive interactions with the endothelium before firm adhesion takes place (through p2 integrins). This was suggested by the blocking effects of anti-L-selectin antibodies on adhesion under sheer force in vitro56.57 and their inhibition of migration to inflammatory sites in V~V O .~~. '~ In addition, decreased expression of L-selectin has been demonstrated on cells at inflammatory foci, and impaired migratory capabilities of cells from which L-selectin has been cleaved enzymatically without cell activation have been observed.59 While unable to migrate normally to most inflammatory sites, these cells may have enhanced adhesive properties (through increased p2 integrin expression) under conditions where sheer forces are minimal, such as sites of vasoocclusion. This potential was elegantly demonstrated through intravital microscopy studies, where it was shown that L-selectin-depleted cells can interact and roll along mesenteric vessels if blood flow is sufficiently r e s t r i~t e d .~~
Comparative studies into the functional capabilities of these recruited cells are clearly warranted.
We have studied the adhesive interactions and requirements for mobilization of bone marrow neutrophil stores.
For
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Our results demonstrate that bone marrow mobilization is clearly a more complex process than a reverse diapedesis. The failure to suppress release by either anti-L-selectin or anti-0, integrin antibodies was not altogether surprising. The sinus endothelial cells and adventitial cells that comprise the bone marrow-blood barrier are highly active and dynamic cells and may directly modulate the transport of PMN from the bone marrow.6".h' Our finding that adhesion molecules used by PMN for motility and transmigration were not essential in this process supports this hypothesis. Alternatively, bone marrow PMN may use other adhesive interactions to pass through the endothelial barrier to enter the blood. Further studies concerning the interactions of newly formed PMN with the structural substrates and cellular elements of the bone marrow will be necessary to fully understand the regulatory mechanism of the recruitment process.
